The Texas coastal prairie is composed of habitat patches characterized by monocots, dicots, or a mixture of both plant types. Radiotelemetry revealed that reproductive female hispid cotton rats (Sigmodon hispidus) preferred mixed habitats and avoided dicot habitats, whereas males did not show a preference. Such habitat selection can be attained by shorter distances moved or increased turning (i.e., area-restricted search). Reproductive females, but not males, moved shorter distances in mixed habitats. However, turns relative to straight-ahead movements for females, but not males, were fewer in mixed habitats than in monocot or dicot habitats suggesting directed foraging rather than area-restricted search. To obtain necessary amounts of nutrients, especially carbohydrates, protein, phosphorus, and calcium, reproductive females ingest both monocots and dicots. Directed movement may facilitate foraging for dicots because these food items occur in clumps in mixed habitats. Because their nutritional needs are less than those of females, males do not exhibit the same patterns of habitat selection. Differential patch occupancy was not explained by overhead plant cover, but more bare ground in dicot habitats may explain avoidance of these habitat types because of increased predation risk.
Heterogeneous habitats contain habitat patches of varying size, distribution, and composition (Fahrig and Merriam 1994) . Patch size, patch composition, and interpatch distance vary spatially and temporally depending upon the scale of observation and type of habitat being studied (Wiens 2000) . Movement and foraging of animals is affected by this heterogeneity (Bowne et al. 1999; Brown 2000) , and responses to such heterogeneity differ by species or demographic groups within species (Dooley and Bowers 1996) .
Perception of the environment by animals and strategies used for locating resources can be deduced from movement patterns (McIntyre and Wiens 1999) . Foragers may alter their movement to spend relatively more time in habitats of high quality (i.e., area-restricted search -Danielson 1992; Morse and Fritz 1987) or move quickly through habitats of low quality. For example, area-restricted search could be achieved in particular habitat types by moving shorter distances, increasing number of turns relative to straight movements, or producing zigzag movement paths when an animal alternates left-and right-hand turns (Andersen 1988; Bell 1991; Benedix 1993) .
The coastal prairie of Texas is a heterogeneous landscape composed of 3 types of habitat: monocot, dicot, and mixed, which includes both monocots and dicots (Kincaid and Cameron 1985) . In an earlier study, hispid cotton rats (Sigmodon hispidus) were livetrapped most often in monocot habitats when population density was low and animals were not reproductive and in dicot and mixed habitat patches when density increased during reproductive periods (Kincaid and Cameron 1985) . This latter response was driven by a strong positive association of reproductive and lactating females with mixed habitats and recruitment of young to these habitats.
Our earlier livetrapping study did not analyze habitat preferences of males or mechanisms of differential occupancy by females. In the current study, we used radiotelemetry to determine whether reproductive males and females occupied habitats differentially and whether their movement paths differed among types of habitats. Because hispid cotton rats prefer habitats with dense overhead cover and avoid areas of sparse vegetation (Bowne et al. 1999; Fleharty and Mares 1973; Kincaid et al. 1983; Spencer and Cameron 1983) , we also tested whether differences among habitats in amount of overhead cover or bare ground affected occupancy by hispid cotton rats. Kincaid and Cameron 1985) .
MATERIALS AND METHODS
Animals were livetrapped in a 2-ha field over 3-day periods from winter 1981 through fall 1982. Ninety Sherman live traps (H. B. Sherman Traps, Inc., Tallahassee, Florida) were set in a 9 Â 10 grid with 15 m between trap stations. Traps were baited with sliced apples and checked the following morning for 3 successive days; bait was removed and traps were closed during the day. Body mass, sex, and reproductive status (i.e., males with descended testes; females obviously pregnant, lactating, or with vagina open) were recorded for each captured animal. After the final trap check, reproductive animals were selected, lightly sedated with Metofane (Mallinckrodt Veterinary, Inc., Mundelein, Illinois), and fitted with SM-1 radiotransmitters (AVM Instrument Company, Ltd., Colfax, California; mass ,4 g). Body mass of individuals collared was .85 g so that transmitter mass was ,5% of body mass. All animals were released at their site of capture; a total of 38 animals were collared during the study.
Animals were allowed to acclimate for 24 h in the field before tracking commenced. Each collar was tuned to a different frequency and was monitored with an LA-12 receiver (AVM Instrument Company, Ltd.). Two null-peak (4-element Yagi; AVM Instrument Company, Ltd.) antennae mounted on 6-m masts were placed along 1 side of the grid and were used to triangulate on telemetry signals. Pilot studies determined that the average distance between radiotelemetry fixes and known locations of a transmitter positioned at various places in the field was 2.03 m 6 0.33 SE (n ¼ 17). This triangulation error was small relative to the average size of habitat patches (monocot ¼ 1,405 m 2 6 823 SE, n ¼ 4; dicot ¼ 1,101 6 932 m 2 , n ¼ 8; mixed ¼ 388 6 126 m 2 , n ¼ 15) allowing us to accurately assign each fix to a particular habitat patch. Animals were tracked for 2-6 days with fixes taken every 30 min during peak activity (2 h before until 2 h after sunset- Cameron et al. 1979) . Animals were recaptured after tracking, collars were removed, and animals were released at their site of capture. Guidelines for the capture, handling, and care of mammals approved by the American Society of Mammalogists (Gannon et al. 2007 ) were followed in our study.
We tested the 38 animals tracked for independence of successive telemetry fixes by a randomization test (Solow 1989 ). The mean squared distance between successive observations (t 2 ) and the mean squared distance from the center of activity (r 2 ) were computed for each individual (Solow 1989 ). We measured independence by compared t 2 /r 2 for each animal to 95% confidence intervals derived from a distribution of 500 t 2 /r 2 values obtained by drawing successive fixes randomly (Solow 1989) . Fixes were independent for 34 animals (19 males and 15 females; range 10-42 fixes/individual) that were used for our analyses (n ¼ 6 in winter 1981, 10 in spring 1981, 5 in summer 1981, 2 in autumn 1981, 6 in winter 1982, and 5 in spring 1982).
We wrote a Fortran program for a mainframe computer to compute and plot x-y coordinates of each telemetry fix over the tracking history for each animal. This program overlaid the movement path of each individual onto a map of habitat patches to determine the habitat type (monocot, mixed, or dicot) that an individual occupied at each telemetry fix.
We assayed plant species in contiguous 2-m 2 quadrats along and between adjacent traplines in the field during autumn 1981 to identify habitat as mixed, monocot, or dicot. We used these classified quadrats to draw a paper map outlining the extent of all habitat patches. This paper map was digitized into a computer-based map and used to identify habitat patches occupied by individuals at each telemetry fix.
We tested the null hypothesis that habitats were used in proportion to availability (Neu et al. 1974; White and Garrott 1990) . Area of all habitat patches was measured with a planimeter on the paper map; availability of each habitat type was the summed area of all patches of that type divided by total area of the study field. Expected habitat use was computed by multiplying relative area of each habitat type by total number of telemetry fixes. Observed habitat use was total number of telemetry fixes in a habitat type. Observed habitat use was computed for all animals pooled and for males and females separately (Neu et al. 1974; White and Garrott 1990) . Bonferroni normal statistics were used to compute upper and lower confidence intervals for actual use of each habitat type (Byers and Steinhorst 1984; Neu et al. 1974) as:
where pb i is proportion of telemetry locations in habitat i, a ¼ 0.05, k is number of categories tested, Z ¼ a/2k, and n is total number of fixes. If the confidence interval of the observed use of a habitat type overlapped availability of a habitat type, that habitat was used in proportion to its availability. If the confidence interval was above availability of a habitat type, that habitat was preferred, whereas if the confidence interval was below availability, that habitat was avoided (Byers and Steinhorst 1984; Neu et al. 1974) . We used the sequence of telemetry fixes characterizing the movement path of each animal to measure average distance moved in each habitat patch. Euclidian distance was computed between sequential fixes. We were interested in whether the habitat in which an individual occurred affected its movement so we identified the habitat type in which the movement originated. Because there is no evidence that hispid cotton rats cue on habitat types that are adjacent to the one in which they occur, we assumed that movement that crossed habitat boundaries did not affect initial movement in a habitat type; that is, movement was characteristic of the habitat that the animal was currently occupying. We used a Kruskal-Wallis test (Zar 1999) to determine if average distance moved differed among habitat types. We analyzed all individuals together and sexes separately.
Number of turns relative to straight-ahead movements has been used to denote area-restricted search (Andersen 1988; Bell 1991; Benedix 1993 ). We measured turns as a deviation from straight-line movement by using 3 sequential fixes. We drew a straight line from fix A to fix B, and then extended this straight line through fix B. We measured the angle, h, between this straight line and the line that connected fix B to the next sequential fix, C, as the deviation from straight-line movement. We added the next fix to compute h for the next successive set of 3 fixes, B, C, D, and proceeded along the movement path adding 1 fix and computing h sequentially until all fixes had been used. We classified movements as ahead (h ¼ À458 to 458, where 08 ¼ straight ahead), behind (h ¼ À1358 to 1358, where 1808 ¼ straight behind), left (h ¼ À458 to À1358), or right (h ¼ 458 to 1358). Movements ahead characterized an animal traversing a habitat patch, whereas turns (i.e., right, left, or behind) characterized an animal remaining in a habitat. We identified habitat type in which each turn originated; for example, at fix B of the sequence ABC, as monocot, dicot, or mixed. We computed an index (T/S ¼ number of turns/number of movements ahead) for each animal in each patch type. T/S was analyzed with a Kruskal-Wallis test (Zar 1999 ) for all animals together and sexes separately.
We used the habitat map to categorize each trap site as occurring in a monocot, mixed, or dicot habitat. We measured cover of each plant species and cover of bare ground along a 5-m transect centered at each trap station (line-intercept method; samples in autumn 1981 and winter, spring, and summer 1982). Linear intercepts for all plant species were summed to determine total overhead cover at each trap site. Total intercept for a trap site could exceed 5 m because plants in the upper strata could overlap plants in lower strata. Overhead cover was normally distributed and bare ground was normalized by a squareroot transformation (Zar 1999) . Both variables were analyzed with a 2-way analysis of variance with season (winter ¼ January-March, spring ¼ April-June, summer ¼ JulySeptember, and fall ¼ October-December-Cameron 1977) and type of habitat as factors. Student-Newman-Keuls a posteriori tests were used to detect significant differences (Zar 1999 ). Means below are followed by 61 SE.
RESULTS
When sexes were pooled for analysis, hispid cotton rats preferred mixed habitats (Table 1) . Separation by sex revealed that females preferred mixed and avoided dicot habitat, whereas males had no habitat preference (Table 1) . Reproductive females moved shorter distances in mixed habitat (monocot ¼ 9.1 6 1.9 m, mixed ¼ 5.2 6 1.3 m, dicot ¼ 16.0 6 2.7 m; H ¼ 11.6, d.f. ¼ 2, P ¼ 0.003). Movement distance for reproductive males did not differ among habitats (monocot ¼ 16.9 6 3.6 m, mixed ¼ 13.1 6 1.9 m, dicot ¼ 19.4 6 2.6 m;
The T/S value was significantly lower for females in mixed habitats (monocot ¼ 2.0 6 0.63, mixed ¼ 1.5 6 0.38, dicot ¼ 3.3 6 0.53; H ¼ 5.7, d.f. ¼ 2, P ¼ 0.05). However, T/S was not significantly different among habitats for all animals (monocot ¼ 2.4 6 0.59, mixed ¼ 2.3 6 0.67, dicot ¼ 3.1 6 0.37; H ¼ 5.3, d.f. ¼ 2, P ¼ 0.07) or for males (monocot ¼ 2.9 6 1.08, mixed ¼ 2.8 6 1.18, dicot ¼ 2.9 6 0.53; H ¼ 0.98, d.f. ¼ 2, P ¼ 0.60).
Total overhead cover was lowest in spring and highest in autumn (F ¼ 47.5, d.f. ¼ 3, 348, P , 0.001), but did not differ among habitats (F ¼ 0.3, d.f. ¼ 2, 348, P ¼ 0.7; Fig. 1a ). There was no interaction between habitat and season (F ¼ 1.1, d.f. ¼ 6, 348, P ¼ 0.4). Amount of bare ground was significantly greater in dicot habitats than in mixed or monocot habitats and was significantly greater in mixed than monocot habitats (F ¼ 35.2, d.f. ¼ 2, 348, P , 0.0001; Fig. 1b) . Amount of bare ground was lowest in summer and autumn, intermediate in winter, and highest during spring (F ¼ 41.4, d.f. ¼ 3, 348, P , 0.001; Fig. 1b) . There was no interaction between habitat and season (F ¼ 1.0, d.f. ¼ 6, 348, P ¼ 0.40). 
DISCUSSION
A common strategy for animals foraging in heterogeneous landscapes is to concentrate searches in areas of high profitability, which often results in differential habitat occupancy (Brown 2000; Cockburn and Lidicker 1983; Price and Waser 1985; Wolff 1980) . Livetrapping revealed that reproductive female S. hispidus and their recruited offspring had higher occurrence in mixed habitats, whereas reproductive males did not exhibit differential habitat occupancy (Kincaid and Cameron 1985) . In the current study, females preferred mixed habitats and avoided dicot habitats, whereas males showed no habitat preference. The importance of mixed habitats to reproductive females is underscored by the fact that their home ranges contained a higher proportion of mixed habitat than was available (Cameron and Spencer 1985) and they rely on a mixed diet of monocots and dicots (Randolph and Cameron 2001 ).
Differential habitat selection may be manifest by several mechanisms of area-restricted search. One mechanism is a change in movement. For example, rodents remain in higher quality habitats by shorter movement distances, increased turning rates, or more tortuous foraging paths (Andersen 1988 (Andersen , 1990 Benedix 1993; Seabloom and Reichman 2001; Zollner and Lima 1999) . Reproductive female hispid cotton rats moved shorter distances in mixed habitat, thereby achieving differential habitat occupancy.
Another method of area-restricted search is an increase in frequency of turns relative to movements ahead (T/S). For reproductive female hispid cotton rats, however, T/S was lower in mixed habitats, contrary to the expectation of higher T/S if area-restricted search was employed. An explanation can be derived from results of foraging experiments in laboratory enclosures provisioned with stands of natural dietary items. Video tracking revealed that foraging movements by hispid cotton rats were nearly linear in these experiments (Randolph and Cameron 2001) . Results from these feeding trials and the T/S analysis indicate that reproductive females forage in mixed patches by directed, linear movements. This foraging strategy acts in concert with area-restricted search achieved by smaller movement distances.
Why would reproductive females use fewer turns when foraging in mixed habitat? Reproductive female hispid cotton rats select both monocot and dicot plants to attain a diet nutritionally superior to either a monocot-only or a dicot-only diet (Kincaid and Cameron 1982; Randolph and Cameron 2001; Randolph et al. 1991; Vivas and Calero 1988) . In this coastal prairie habitat, dicots often occur in single-species clumps (G. N. Cameron and S. R. Spencer, in litt.) . Directed, linear movements in mixed habitats may be a more efficient way to search for clumped dicots than for more uniformly dispersed monocots.
Preference for mixed patches and avoidance of dicot patches suggests that mixed patches are of higher quality. One characteristic that could reflect habitat quality is differences in vegetation structure among habitat types (Barnum et al. 1992; Birney et al. 1976; Brown et al. 1988) . Hispid cotton rats prefer habitats with dense overhead cover that provides protection from avian predators, a major source of mortality (Fleharty and Mares 1973; Kincaid et al. 1983; Lidicker et al. 1992; Schnell 1968; Wiegert 1972) . However, abundance of overhead cover did not differ among habitats (Fig. 1a) . On the other hand, more bare ground could explain avoidance of dicot patches by females because bare areas would increase risk from avian predators. Mixed habitats also contained significantly more bare ground than monocot habitats but the absolute difference between these 2 habitat types is relatively small and less likely to lead to among-patch differences in predation risk.
A 2nd characteristic reflecting habitat quality could be differences in abundance of dietary items among habitats. Occupancy of different habitats between sexes of rodents has been attributed to the unique nutritional requirements of females (Bowers and Smith 1979; Morris 1984; Ostfeld et al. 1985) . Similarly, the strategy of mixing diet items, common to generalized herbivores (Pennings et al. 1993 ; Pierotti and Annett 1987; Willig and Lacher 1991) , and also characteristic of hispid cotton rats, is facilitated by occupation of mixed habitats. Hispid cotton rats obtain sufficient amounts of complementary nutrients only by ingesting both monocot and dicot plants (Randolph and Cameron 2001) ; monocots provide carbohydrates and dicots provide proximate and mineral nutrients, particularly protein, calcium, and phosporus, for reproduction and lactation (Randolph and Cameron 2001) . Hence, mixed habitats would be of higher quality for hispid cotton rats because they contain the requisite food plants.
Area-restricted search by reproductive female hispid cotton rats could be cued by nutrients necessary for reproduction. For example, protein concentration in food plants limits populations of hispid cotton rats (Doonan and Slade 1995; Parsons et al. 2005; Randolph and Cameron 2001; Webb et al. 2005) , and affects selection of habitats (Eshelman and Cameron 1996) . Hispid cotton rats also are able to select a nutritionally complete diet containing protein (Harriman 1977) , and may be able to discern protein by odor and taste (Brot et al. 1987; Heinrichs et al. 1990 ). Thus, protein concentrations in diet plants could cue foraging paths and concentrate activity in mixed habitats. However, Cameron et al. (in litt.) demonstrated that there was no difference in accumulation of protein by foraging paths of hispid cotton rats and randomly generated foraging paths. Alternatively, females employing directed search for diet plants in mixed habitats would spend less time and energy foraging than if they foraged among different habitats. Minimizing foraging time would reduce the amount of time a female was exposed to predators, the time she was away from suckling young, and the risk of predation to unattended young. Hence, more efficient foraging and improved nesting success may explain preference for mixed patches. Because of their less stringent nutritional and reproductive needs, male hispid cotton rats do not exhibit the same pattern of selection of mixed habitats. A key question for future studies is whether reproductive cotton rats learn to finetune searches to improve foraging efficiency within their home ranges (Haskell 1997) .
